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INTRODUCTION
More than 100 years of acid deposition has caused acidification of lakes in Norway and damage to fish and other aquatic organisms (Overrein et al. 1980) . Sulphur deposition in Norway peaked in the 1970s, declined by about 60% from 1980 to 2000, and is expected to decline further to about 80% by 2010 relative to 1980. Nitrogen deposition peaked in the 1980s, has declined by 20% by 2000, and is expected to decline further to about 50% by 2010 relative to 1980 (Schöpp et al. 2003) . The decrease in acid deposition is largely the result of international agreements to reduce the emissions of acidifying pollutants to the atmosphere, conducted under the auspices of the UN-ECE Convention on Long-Range Transboundary Air Pollution (LRTAP) (Bull et al. 2001; UNECE 2002) .
Lakes in Norway have begun to recover in response to the declining deposition of strong acids. First indications came in the late 1980s (Skjelkvåle & Henriksen 1995) and became extensive and widespread in the 1990s Skjelkvåle et al. 2001b) . Similar trends in recovery have been reported from lakes elsewhere in Fennoscandia (Skjelkvåle et al. 2001a) , Europe (Evans et al. 2001; Skjelkvåle et al. 2003) , and North America (Stoddard et al. 1999) .
Mountain lakes are inherently more sensitive to acid deposition, and thus are typically more severely impacted than forest lakes and require greater reductions in acid deposition to achieve comparable degree of recovery. This is the case for Norwegian mountain lakes ) and mountain lakes elsewhere in Europe (Mosello et al. 1995) .
Mountain lakes have been the object of Europeanwide research projects over the period [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] under the auspices of the European Union (EU). These projects encompass studies of acid deposition and lake chemistry and include AL:PE I (Acidification of mountain Lakes: Paleolimnology and Ecology; 1991-93) and AL:PE II (1993-95) (Mosello et al. 1995) , MOLAR (Measuring and modelling the dynamic response of remote mountain lake ecosystems to environmental change: A programme of Mountain Lake Research; 1996-99) (Mosello et al. 2002) , and EMERGE (European Mountain lake Ecosystems: Regionalisation diaGnostics and socio-Economic evaluation; 2000-03) (Marchetto & Rogora 2004) .
Mountain lakes in two districts of Norway (central and southern Norway) have been part of these projects. In the EMERGE project the experimental design entailed a "flagship" site in each district at which detailed long-term studies have been carried out (initiated by AL:PE), and a group of about 20 additional lakes in each of the districts at which less intensive data were collected. Here we used an acidification model (MAGIC version 7; Cosby et al. 1985a Cosby et al. , b, 2001 ) to reconstruct acidification history and to predict future recovery of lakes in the two lake districts, central Norway and southern Norway.
METHODS

Site descriptions
The central Norway dataset consists of 22 lakes, of which 19 have complete data necessary for calibration of MAGIC (Appendix 1) (Fig. 1) . Lake Øvre Neådalsvatn is the flagship site in this dataset, and has been intensively studied during the AL:PE, MOLAR and EMERGE project periods. The other lakes in the data set were selected subjectively largely from sites for which some data previously existed from earlier studies, and to represent a range in biological habitats. Most of the lakes are situated in areas receiving low levels of acid deposition (year 1995 median non-marine S deposition 12 meq m -2 y -1 , N deposition 15 meq m -2 y -1 ), are at most only slightly acidified, and thus serve as a set of unimpacted reference lakes.
The southern Norway dataset consists of 23 lakes located in the four counties of Telemark, Aust-Agder, Vest-Agder and Rogaland (Appendix 2) (Fig. 1) . The lakes are part of the Norwegian monitoring programme for long-range transported air pollutants and have been sampled annually for water chemistry since 1986 (15 lakes) or 1995 (8 lakes) (SFT 2002) . They are the nonforested sites of the 60 lakes studied as part of the RECOVER project (Wright & Cosby 2003) . Stavsvatn is the flagship site in this dataset. The southern Norway region receives substantial acid deposition (year 2000 median non-marine S deposition 33 meq m -2 y -1 , N deposition 44 meq m -2 y -1 ); most of the lakes are acidified and have damaged fish populations.
The MAGIC model
MAGIC is a process-oriented biogeochemical model for acidification of soils and surface waters originally developed in the 1980s (Cosby et al. 1985a; Cosby et al. 1985b) and recently modified and expanded (version7; Cosby et al. 2001) . MAGIC requires as input data information on soil, deposition and surface water chemistry as well as a time sequence of acid deposition from pre-acidification time (usually assumed to be mid1800s) to a time in the future for which forecasts are to be made (often 2050). The deposition sequences for S and N come from estimates prepared by EMEP for southern Norway (Fig. 2) (Schöpp et al. 2003) .
Calibration
MAGIC was calibrated in detail to the flagship sites using both the measured water chemistry data for the calibration year (or years) and also the time trends in measured data. The deposition sequences were scaled to each lake based on the assumption that sulphur output was at steady-state with sulphur input for the calibration year. For nitrogen a "best case" assumption was made in which the present-day % retention of incoming N was assumed constant over time (i.e. no N saturation). The calibration followed the procedure given by Wright & Cosby (2003 and H + provide a measure of the closeness of the calibration. ANC is defined in the usual manner as the equivalent sum of base cations minus the equivalent sum of strong acid anions. Input data are given in Appendix 1 and 2. An automatic calibration routine was used to calibrate the two regional datasets.
Link between water chemistry and biological response
Surveys of lakewater chemistry and fish population status in Norwegian lakes show a clear empirical relationship between ANC and fish status. For brown trout, the most common fish species in Norwegian mountain lakes, lakes with ANC > 20 µeq l -1 have 95% probability of good population, lakes with ANC 0-20 µeq l -1 have sparse population, while lakes with ANC <0 µeq l -1 have 95% probability of extinct population (Lien et al. 1996) . Similar empirical relationships exist between other fish species as well as acid-sensitive invertebrate species. Toxicity of acid water to brown trout is primarily due to increased concentrations of Al n+ , with pH and concentration of Ca 2+ secondary factors (Baker & Schofield 1980; Muniz & Leivestad 1980) . Statistical analysis shows that ANC, however, explains nearly as much of the variance, because of the high correlation between ANC and pH, Al n+ and Ca 2+ (Bulger et al. 1993; Cosby et al. 1994) . As biogeochemical models such as MAGIC predict ANC much better than pH or Al n+ , we use ANC levels to interpret water chemistry changes to biological effects.
RESULTS
Central Norway
The calibration for Øvre Neådalsvatn showed very little change in lakewater ANC over the entire 200-year simulation (Fig. 3) . The values for 1991-2000 agreed well with the observations (yearly mean values). Seventeen of the 19 lakes in the dataset had simulated ANC trends similar to that of Øvre Neådalsvatn, with only minor changes over time. The remaining two lakes showed larger changes in ANC; this was due to the somewhat higher S deposition and very thin soil cover at these sites as compared to the bulk of the dataset. For the dataset as a whole the median change in ANC due to acid deposition was only about 10 µeq l -1 . Less than 50% of the lakes acidified to below the threshold of ANC 20 µeq l -1 where damage to brown trout might be expected. The simulations indicated that these lakes have recovered substantially since the peak year of acid deposition in the 1970s and will continue to recover slightly during the next decade. Less than 25% of the lakes will have ANC <20 µeq l -1 in the future (Fig. 4) . The MAGIC simulations also provided an indication of changes in soil base cation pools (% base saturation) due to acid deposition. Again with the exception of two lakes, there were only very small changes in %BS over the 200-year period. The simulations showed, however, clear asymmetry; the pool sizes decreased in many lakes during the past 100 years, whereas the replenishment predicted starting in the 1970s is much smaller ( Fig. 3 ; lower left-hand panel). The MAGIC simulations indicate that while soils were acidifying in 1980, the decline in acid deposition since then has stopped further acidification and base cation pools in soils in some catchments will be replenished in the future (Fig. 4) .
Southern Norway
The calibration for Stavsvatn showed significant decline in ANC during the period up to about 1980, partial recovery to the year 2000, and prognosis of a minor amount of additional recovery during the next 20 years (Fig. 3) . Stavsvatn is the least acidified lake of the 23 in the dataset; the other lakes all acidified to ANC <0 µeq l -1 during the 1900s. With the exception of Stavsvatn, which is stocked every second year by the owners, most of the lakes were barren of trout in the 1980s. ANC levels have recovered substantially since then, and the MAGIC simulations predict that additional recovery will come during the next 20 years. Only Stavsvatn, however, is predicted to recover to ANC >20 µeq l -1 , and about 60% of the lakes are predicted to remain ANC <0 µeq l -1 in 2016 (Fig. 4) . The MAGIC simulations indicated that the soils at these sites have acidified during the past 100 years, and that the base cation pools will not be fully replenished in the next 50 years. As in central Norway the simulations showed a marked asymmetry with more acidification and less recovery. The simulations indicate that impoverishment of pool of base cations in soil has largely ceased by 2000 and that in about one-half of the catchments the pools will begin to be replenished in the future (Fig. 4) .
DISCUSSION
The lakes in the region central Norway were intended to serve as unacidified reference sites for the more acidified and impacted lakes in the southern Norway region. The MAGIC hindcasts, however, indicate that many of the lakes in the central Norway region have been slightly acidified and that 5 of the lakes had ANC levels <0 µeq l -1 during the period of maximum acid deposition in the 1970s and 1980s (Figs 3 and 4) .
Central Norway Southern Norway Lake ANC Soil: change in base cation pool Acidification in central Norway, however, has been much less than that in southern Norway. The difference in degree of acidification between central Norway and southern Norway is due largely to the relatively larger input of acid deposition to the southern region. In addition several of the central Norway lakes are less sensitive to acid deposition; these lakes have higher concentrations of Ca and bicarbonate.
The model predictions indicate that recovery of the lakes to ANC levels >20 µeq l -1 will not occur by the year 2016. For central Norway a larger fraction of the lakes will still fall in the category ANC 0-20 µeq l -1 in 2016 as compared to the pre-acidification reference year 1860 (Fig. 4) . For southern Norway recovery by year 2016 will be insufficient; fully 2/3 of the lakes will continue to have ANC <0 µeq l -1 . This is in part because although levels of acid deposition are predicted to continue to decrease to the year 2010 if the Gothenburg protocol to the LRTAP Convention is implemented (Fig. 2) , there will still remain a small but significant S and N deposition in the future.
Part of the incomplete recovery is due to the hysteresis in the size of the pool of base cations in the soil over time. This pool is depleted by cation exchange with acids deposited from the atmosphere and leaching to runoff, and replenished by weathering of soil minerals. The MAGIC simulations indicate that depletion exceeded replenishment during much of the 1900s, but by year 2000 acid deposition had decreased sufficiently to allow replenishment to begin ( Fig. 3; lower panels) . The simulations indicate that the replenishment of the soil base cation pool will require many decades.
The 23 mountain lakes in the southern Norway dataset are a subset of the 60 lakes in the region modelled by Wright & Cosby (2003) as part of the RECOVER:2010 project. The mountain lakes are in general more sensitive to acid deposition, and leach a higher % of incoming N as compared to the lowland, forest lakes. These features are typical for mountain lakes in general .
All predictions for the future entail a degree of uncertainty, and these predictions for the future acidification of Norwegian mountain lakes are no exceptions. Uncertainties are associated with measured input data, estimated parameters, model formulation and structure, and with factors not considered in the model. The assumption of constant % retention of N is a source of uncertainty. The magnitude of this uncertainty was evaluated by Wright & Cosby (2003) for the MAGIC predictions for the 60 lakes in southern Norway of the RECOVER dataset. Three different scenarios for N retention were run; these were constant % N retention, % N retention linked to C/N ratio of the organic matter in soil with carbon pool of the whole soil, and % retention linked to C/N ratio with carbon pool only 1/3 of the total. Although nitrate concentrations predicted by MAGIC for the year 2036 differed by a factor of two among these scenarios, the median resulting effect on ANC levels differed by only 5 µeq l -1 . Thus the uncertainty to predictions of ANC over the next 20-30 years caused by unknown degree of future N saturation is minor.
Future climate change with increased temperature represents another uncertainty factor for future recovery of lakes. Higher soil temperature can cause increased decomposition of soil organic matter and release NO 3 to soil solution and runoff thus increasing acidification. Whole-ecosystem experiments with air and soil warming conducted in southernmost Norway (the CLIMEX project) showed increase in NO 3 concentrations in runoff of about 3-7 µeq l -1 (Lükewille & Wright 1997; Wright 1998) . These experiments lasted only three years, however, and thus do not give information as to whether the induced NO 3 leaching would increase, stay elevated, or disappear over the long term.
The MAGIC prognoses here already indicate that a substantial fraction of mountain lakes in southern Norway will not recover sufficiently by year 2016 (or indeed by year 2036) to allow reestablishment of good brown trout populations. Both N saturation and future climate change are factors that would exacerbate acidification in southern Norway in the future. Sufficient recovery requires additional measures such as stricter air pollutant emission measures in Europe. Mountain lakes in southern Norway are among the most acid-sensitive lakes in Europe, and MAGIC simulations conducted as part of the RECOVER and EMERGE projects indicate that of all the studied regions in Europe, the acidification situation for mountain lakes will be worst in southern Norway in the future (Jenkins et al. 2003) .
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APPENDIX 2
Southern Norway dataset. Site, lake chemistry and soil data. Relative area: lake area/catchment area. Q= runoff. 
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